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ABSTRACT  ^  ^  . 

OSTI 

The  measurement  of  mechanical  properties  by  nanoindentation  methods  is  most  often 
conducted  using  indenters  with  the  Berkovich  geometry  (a  triangular  pyramid)  or  with  a  sphere. 

These  indenters  provide  a  wealth  of  information,  but  there  are  certain  circumstances  in  which  it 
would  be  useful  to  make  measurement.s  with  indenters  of  other  geometnes.  We  have  recently 
explored  how  the  measurement  of  hardness  and  elastic  modulus  can  be  achieved  using  sharp 
indenters  other  than  the  Berkovich.  Systematic  studies  in  se\  erai  materials  were  conducted  with  a 
Vickers  indenter.  a  conicai  inden.w,  with  a  half-included  rip  angle  of  70.3",  and  the  standard 
Berkovich  indenter.  All  three  indenters  are  geometrically  similar  and  have  nominally  the  same 
area-to-depth  relationship,  but  there  arc  distinct  differences  in  the  behavior  of  each.  Here,  we 
report  on  the  application  of  these  indenters  in  the  measurement  of  hardness  and  elastic  modulus 
bv  nanoindcntation  methods  and  some  of  the  difficulties  that  occur. 


INTRODUCTION 


The  measuiement  of  mechanical  properties  such  as  hardness.  H.  and  ela.stic  modulus.  E, 
by  nanoindcntation  methods  has  been  conducted  largely  with  indenters  having  the  Berkovich  or 
sphencal  geometries  [14).  The  Berkovich  indenter.  a  ihree-stded  pyramid  with  the  same  area-to- 
depth  ratio  as  the  Vickers  indenter  commonly  used  in  microindentation  testing,  is  useful  in 
experiments  where  full  plasticity  ts  needed  at  veiy*  small  penetration  depths,  such  as  the 
measurement  of  hardness  of  very  thin  films  and  surface  layers  (1,2],  The  spherical  indenter.  on 
the  other  hand,  is  useful  when  purely  elastic  contact  or  the  transition  from  elastic  to  plastic 
contact  IS  of  interest  (3.4]. 

Of  the  many  sharp  indenters  used  for  microhardness  testing,  the  Berkovich  has  proven  the 
most  useful  in  nanoindentation  work.  This  is  because  the  three  sided  pyramidal  geometry  of  the 
Berkovich  naturally  terminates  at  a  point,  thus  facilitating  the  grinding  of  diamonds  which 
maintain  their  siiarpness  to  very  small  scales.  Berkovich  tip  defects,  as  characterized  by  the 
effective  tip  radius,  are  frequently  lc.>,.  than  50  nm  in  many  of  the  better  diamonds.  For  the 
Vickers  indenter.  on  the  other  hand,  it  is  more  difficult  to  maintain  geometric  similarity  at  such 
small  scales  because  the  square-ba.scd  pyramidal  geometry  does  not  terminate  at  a  point  but  ratner 
at  a  "chisel"  edge.  The  conical  indenter  is  the  most  difficult  to  grind,  and  as  a  result,  conical 
diamonds  often  have  severe  tip  rounding. 

Nevertheless,  there  are  certain  circumstances  in  which  it  may  be  vseful  to  make 
nanoindcntation  property  measurements  with  a  Vickers  or  a  conical  indenter.  T’nc  Vickers,  for 
example,  may  be  useful  in  measuring  the  properties  of  single  crystals  with  4-fold  symmetry,  or 
to  directly  compare  hardnesses  obtained  in  nanoindcntation  experiments  with  conventional 
Vickers  microhardness  results.  In  addition,  the  Vickers  indenter  is  the  pnmary  indenter  used  in 
measuring  the  fracture  toughness  of  brittle  materials  by  the  indentation  cracking  method  {5).  The 
conical  indenter  has  advantages  when  one  wishes  to  avoid  deformation  phenomena  caused  by  the 
sharp  edges  of  the  Berkovich  and  Vickers  indenters.  e  g.,  when  cracking  is  to  be  avoided  in 
brittle  matcnals  or  when  large  strain  gradients  around  the  circumference  of  the  contact  complicate 
the  understanding  of  indentation  phenomena.  The  conical  indenter  is  also  more  amenable  to 
analysis  than  the  Berkovich  or  Vickers;  virtually  all  modelling  of  indentation  contact  by  sharp 
indenters  uses  the  conical  geometry  [6],  and  with  very  few  exceptions  [7],  most  finite  element 
simulations  of  indentation  by  sharp  indenters  have  used  the  conical  geometry  to  take  advantage  of 
the  axial  symmetry  18-10]. 
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For  these  reasons,  an  elementary  study  to  examine  the  problems  that  are  encountered  in 
using  Vickers  and  conical  indcnters  in  nanoindentation  testing  was  undertaken.  The  study 
focused  on  three  sharp  diamonds:  a  Berkovich,  a  Vickers,  and  a'ccnical  diamond  with  a  half- 
included  iip  angle  of  70.3  .  All  three  have  the  same  nominal  arca-to-depth  relationship,  thus 
removing  this  factor  as  a  variable  in  the  study  and  thereby  simplifying  the  understanding  of 
results.  Here  we  present  a  select  set  of  results  for  four  materials  chosen  to  represent  the  behavior 
of  metals  and  ceramics.  A  much  larger  number  of  materials  were  studied,  but  space  ■ 

considerations  pronibit  us  from  including  ail  of  them.  A  more  complete  report  is  in  preparation  , 

EXPERIMENTAL  PRCX:EDURE 

The  four  materials  examined  in  the  study  were  fused  quartz,  a  well-annealed  aluminum 
single  cry.stal.  a  mechanically  polished  s|>ecimen  of  polycrystalline  gold  (large  grains),  and  a 
single  crystal  of  (001 )  sapphire.  The  first  two  materials  are  used  as  .standards  in  nanoindentation 
testing  for  the  determination  of  indentcr  area  functions,  and  the  latter  two  are  included  to  illustrate 
specific  points  that  help  in  understanding  the  indentation  behavior  of  the  three  diamonds. 

Indentations  were  made  in  each  of  the  materials  at  a  variety  of  loads,  and  the  indentation  load- 
displacement  behavior  was  analyzed  to  deierminc  11  and  E  using  a  variation  on  the  method  of 
Oliver  and  Pharr  [2]. 

TTie  variation  was  developed  to  account  tor  recent  observations  that  the  machine  compliance 
in  a  nanoindentation  experiment  may  not  be  constant  for  a  given  machine,  but  rather  may  depend 
on  how  the  specimen  is  mounted  and  the  way  in  which  the  mount  is  secured  to  the 
nanoindentation  system.  As  a  result,  a  single,  specimen-independent  machine  compliance  cannot 
be  used  m  precision  work.  This  is  not  an  important  consideration  for  materials  and  experimental 
conditions  for  which  the  contact  stiffness  is  small  (i.e.  contact  stiffnesses  much  less  than  the 
machine  stiffness),  but  can  lead  to  significant  errors  in  some  e.'  penmental  situations.  The  errors 
become  particularly  important  when  making  large  indentations  (loads  of  50  mN  or  more)  in  very 
soft  materials  like  well-annealed  aluminum.  Since  aluminum  is  a  matenal  we  u.se  as  a  standard  in 
making  area  function  determinations,  wc  have  altered  the  procedure  by  which  the  area  function  is 
measured  to  account  for  the  influences  of  the  mount  on  the  machine  compliance. 

To  briefly  desenbe  the  procedure,  a  number  of  indentations  are  made  to  vanous  peak  loads 
up  to  300  mN,  and  the  areas.  A.  of  the  largest  indentations  are  measured  optically.  The  highest 
load  indentations  arc  large  enough  that  their  areas  can  be  measured  with  accuracies  of  about 
±5%.  Using  Youngs  modulus  E=70  GPa  and  Poisson’s  ratio  v=0.34  (the  values  for 
polycrysialline  aluminum),  the  machine  compliance.  C^.  is  then  found  from  : 


where  Cj  is  the  total  compliance  measured  in  the  experiment  (see  (2)  for  the  origin  of  this 
equation).  Using  this  value  lor  Cf^  to  evaluate  the  load-displacement  data  obtained  at  other  loads, 
an  area  function  is  then  established  by  solving  Eqn.l  for  A.  I'nfonunately,  aluminum  is  not  a 
good  calibration  material  for  indentation  depths  smaller  than  500  nin  because  of  scatter  in  the 
data,  possibly  caused  by  the  oxide  film.  For  this  reason,  the  small -depth  portion  of  the  area 
function  IS  established  in  separate  experiments  conducted  on  fused  quartz,  which  can  be 
conveniently  indented  to  depths  ranging  from  5  to  1500  nm.  The  machine  compliance  for  the 
fused  quartz  experiments  is  determined  by  a  trial  and  error  procedure  in  which  a  value  of  C^,  is 
sought  which,  when  applied  to  Eqn.l  and  using  E=72  GPa  and  v=0. 17  (the  values  for  fused 
quartz),  gives  contact  areas  w  hich  match  those  onhc  aluminum  data  in  the  region  of  overlap  (500 
nm<hc<1500  nm).  After  combining  the  two  data  sets,  curve  fitting  procedures  are  used  to 
produce  an  area  function  which  applies  over  the  range  20-7(X)0  nm.  This  technique  is  used  in 
preference  to  the  procedure  outlined  in  12)  because  the  latter  involves  an  extrapolation  which  can 
lead  to  errors  in  Cn,. 
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Fig.  1.  A  comparison  of  nanoindentation 

areas  with  SEM  measurements  for  Al. 


Fig. 2.  Expenmentally  determined  area 

functions  for  each  of  the  indenters. 


RESULTS  AND  DISCUSSION 


The  area  function  determination  procedure  just  described  \sas  used  in  the  current  study  to 
establish  the  area  function  of  each  of  the  three  indenters.  To  check  how  well  the  procedure 
works.  Figure  1  presents  results  for  indentations  in  aluminum  which  compare  the  areas  p'-edicted 
from  analysis  of  the  nanoindentation  load-displacement  data  .  Ana^o-  areas  measured  by  direct 
c.xamination  of  scanning  electron  microscopy  (SEM)  images.  A<;ei^.  The  measurements  are 
limited  to  the  indentation  depths  greater  than  500  nm  due  to  difficulties  in  obtaining  clear, 
measurable  images  at  smaller  "depths.  Over  the  range  cf  depths  examined,  the  SEM  areas  for  the 
Berkovich  and  Vickers  indentations  deviate  from  predictions  of  the  area  function  by  no  more 
than  5%.  For  the  conical  indenter.  the  deviation  is  slightly  larger,  but  only  at  small  depths  where 
it  is  difficult  to  make  good  measurements.  Thus,  the  procedure  for  deriving  the  area  functions 
appears  to  work  reasonably  well  for  each  three  indenters.  at  least  over  the  range  of  indentation 
sizes  which  are  convenient  to  check  in  the  SEM. 

The  complete  area  functions  are  shown  in  Figure  2,  where  they  have  been  evaluated  over 
their  range  of  applicability,  i.e..  l\.  =  20  to  7000  nm.  Also  shown  m  the  figure  is  ihc  ideal  area 
function.  A=24.5h‘'.  The  ideal  area  function  is  that  which  all  three  diamonds  would  exhibit  if 
ihev  were  ground  to  perfect  geom  t'ric  form.  The  plot  shows  that  while  the  geometry  of  the 
BerKOvich  indenter  is  in  closest  agreement  with  idcai  geometry,  the  70  3’  cone  shows  significant 
deviations  over  most  of  the  applicable  contact  range.  The  deviations  are  consistent  with  the 
notion  that  the  70.3*  cone  is  very  blunt  and  possibly  more  sphe.e  like  than  sharp  at  the  scales  of 
interest  in  this  study  The  Vickers  indenter  lies  somewhere  in  between.  As  will  be  shown 
shortly,  deviations  fiom  perfect  geometry'  play  an  important  role  in  understanding  the  results  of 
the  nanoindeniaiion  hardness  mea.siiremcnts. 

Mea.sureme:us  of  elastic  modulus  and  hardness  %  .?ach  of  the  four  materials  by  each  of  the 
three  diamond  indenters  are  siiinmari/.cd  in  Figure  3.  The  elastic  moduli  ore  shown  lii  the  plots  in 
the  left-hand  column.  Not  surp.nstngly.  the  moauli  for  aluminuot  and  fused  quartz  arc  very  close 
to  the  expected  values.  E  =  70  GPa  and  72  GPa.  irrespective  of  indenter  geometry.  This,  of 
course,  must  be  the  case,  since  these  values  were  used  as  input  in  the  procedure  bv  w  hich  the 
area  functions  were  established.  The  true  test  comes  from  the  other  two  materials,  gold  and 
sapphire.  For  the  gold  data,  all  three  indenters  give  approximately  the  same  value  for  E. 
Furtheimore,  the  mear.ured  modulus  »s  independent  of  indentation  depth  and  has  a  value  which 
compares  quite  favorably  with  the  known  polycrystalline  cold  value,  E=80  GPa  (12]. 
Companson  of  the  sapphire  data  with  actual  values  for  E  is  a  little  more  difficult  because  the 
modulus  of  sapphire  varies  depending  on  cr/stallographic  orientation  in  the  range  400-500  GPa 
[2].  Mowever.  inspection  of  the  data  in  Figure  1  ;;hov/s  that  ail  three  indenters  give  depth- 
independent  e,lastic  moduli  which  fa'l  generally  in  (his  range.  Thus,  based  on  these  limited 


Elastic  Modulus.  E  (GPa) 


Pig, 3  Nanoindcntation  ineasurcmcms  of 
clastic  modulus  and  hardness  for 
four  materials  using  the  fiorkovich. 
Vickers,  and  70,3’  conical  indenters. 


observations,  it  appears  that  nanoindentation  measurement  of  elastic  modulus  using  sharp 
indenters  other  than  the  Berkovich  is  indeed  possible.  It  .should  be  noted,  however,  that  accurate 
measurements  can  be  achieved  only  when  the  deviations  from  the  ideal  indentcr  geometn'  are 
taken  into  account.  Had  the  ideal  area  function  been  used,  different  results  would  have  been 
obtained. 

The  hardness  data  shown  in  the  right  hand  column  of  Figure  3  show  some  peculiar  and 
interesting  behaviors.  For  example,  the  aluminum  data  at  the  top  of  the  column  show.s  a 
significant  indentation  size  effect  (ISE)  for  the  Berkovich  and  Vickers  indenters,  but  not  for  the 
conical  indenter.  Based  on  SEM  measurement  of  the  actual  contact  areas  (Fig.l),  it  is  clear  that 
the  indentation  size  effect  is  real  and  not  just  an  artifact  of  the  data  analysis  procedures  (at  least 
for  contact  depths  greater  than  500  nm).  Collectively,  these  data  suggest  that  the  ISE  in 
aluminum  may  be  caused  by  localized  plastic  deformation  at  the  edges  of  the  indenter.  A  model 
based  on  this  concept  has  been  developed  by  Ma  and  Clarke  (13].  The  gold  hardness  data  exhibit 
behavior  .similar  to  thu  of  the  aluminum,  with  the  exception  that  the  hardnesses  measured  with 
the  conical  indenter  are  not  quite  as  flat 

The  hardness  behavior  of  the  .used  quanz  specimen  is  quite  different.  For  this  material, 
the  Berkovich  and  Vickers  indenters  give  very  similar,  depth-independent  hardnesses,  but  the.'’e 
is  a  large  increase  in  hardness  with  increasing  depth  for  the  data  obtained  with  the  conical 
indenter.  Thus,  it  appt-  .  hat  ti;cre  is  a  completely  lifferent  indentation  size  effect  ir  this 
material,  one  which  runs  contrarv’  to  most  ISE  observations  reported  in  the  literature  (the  usual 
observation  is  increasing  hardness  with  decreasing  depth),  and  one  which  is  unique  to  the  conical 
indenter.  However,  shortly  we  will  show  that  this  behavior  is  not  real,  but  results  from  a 
transition  from  purely  elastic  to  elt'-siic/plastic  deformation  caused  by  (he  bliintncss  of  the  conical 
indenter. 

The  key  to  understanding  the  behavior  of  the  fused  quartz  data  was  unve.Icd  while  testing 
the  (OOn  sapphire.  Hardness  data  for  this  material  are  presented  in  Figure  4.  where  the 
individual  data  point.s,  rather  ihrji  the  averages  plotted  in  previous  graphs,  are  sho'^  n.  A  curious 
feature  in  the  data  is  the  division  of  the  Vickers  haidnesses  at  depths  less  than  100  nm  into  2 
distinct  groups,  one  considerably  higher  than  the  other.  Examination  of  the  individual  load- 
displacement  curves  revealed  that  the  higher  data  points  correspena  to  purely  elastic  indentation 
contact,  as  evidenced  by  loading  and  unloading  curves  which  perfectly  retrace  themselves.  For 
each  of  the  lower  data  points,  on  the  other '  :nd,  theie  was  a  plastic  pop-in  event  similar  to  that 
reponed  by  Page  et  al.  [  14).  Subsequent  m  »estigation  of  the  data  for  the  conical  indenter  revealed 
the  same  behavior,  with  the  iraiisition  fnm  purely  elastic  to  elastic/plastic  defonration  occurring 
at  slightly  larger  contact  depths.  Purely  elastic  indentation  contact  is  promoted  by  tip  blunting. 
The  transition  is  not  observed  in  the  Berkovich  data,  presumably  because  the  Berkovich  is 
considerably  sharper  than  the  other  two  indenters. 

The  ob.>,ervation  of  purely  clastic  contact  at  small  indentation  depths  for  the  Vickers  and 
ronicai  indenters  has  impor.ant  consequences  for  the  interpretation  of  hardnesses  measured  I.. 
nanoindentation  expenmenis.  Specifically,  'he  hardness,  H=P/A.  obtained  by  applying  the 
Oliver/Pharr  analysis  piocedurc  to  nanoindentation  load-displacement  data  is  not  the  traditional 
hardness  based  cti  the  residual  area  of  the  hardness  impression,  but  a  different  hardness  based  on 
the  area  of  contact  at  peak  load.  In  soft  materials,  these  two  hardnesses  arc  essentially  the  same, 
but  for  hard  materials  they  can  be  different,  panicularly  when  deformation  during  indentation  ts 
mostly  elastic  and  recoverable.  To  amplify  on  this  point,  note  that  in  the  lima  of  purely  clastic 
contact,  the  conventional  hardness  rises  without  bound,  while  that  derived  by  the  Olivcr/Phan 
procedure  has  a  finite  value.  In  tact.  a.ssumiiic  that  the  hluniing  of  indenters  cun  be  characicnzcd 
by  assigning  a  radius  of  curv  ature  to  the  tip,  one  can  compute  from  Hertzian  contact  theorv-  what 
the  Oliver/Pharr  hardness  should  be  for  purely  c!  j.stic  contact.  A  simple  analysis  yields; 
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where  R  is  the  effective  radius  of  curvature  of  the  tip. 

To  show  that  this  phenomenon  is  indeed  the  source  of  the  dccrca.se  in  hardness  at  low  loads 
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in  sapphire.  Henzian  analysis  was  used  to  extract  an  effective  tip  radius  from  the  low-load, 
reversible  ioad-displacernent  data  obtained  for  both  the  conical  and  Vickers  indenters.  The  tip 
radii  were  found  to  t<e  R=400  nm  for  the  Vickers  and  R=27(X)  nm  for  the  cone.  Using  these  radii 
in  Eon.  2  along  with  reasonable  estimates  of  the  elastic  constants,  predictions  based  on  the 
Oliver/Pharr  definition  ot  nardness  and  Hertzian  contact  theory'  are  included  in  Figure  4.  where  it 
is  seen  that  relatively  good  agreement  is  obiainca  with  the  cx,ierimcntal  data  points  corresponding: 
to  purely  elastic  contaci  l.'sing  R=27(X)  nm.  ihe  prediciions  of  Eqn.  2  have  also  been  computed 
for  compari.son  to  the  c.mical  indentation  of  fused  quartz  and  are  included  in  hardness  data  of 
Figure  3.  Once  again,  there  is  relatively  good  agreement  u  nh  the  low-load  data. 


CONCLUSIONS 


1.  Using  careful  techniques  to  establish  the  area  function  of  ihe  indcntcr.  it  is  possible  to  use 
conical  and  Vickers  indenters  in  the  .measurement  of  elastic  modulus  by  nanoindentation 
methods,  even  though  these  indenters  suffer  more  from  tip  defects  than  the  Berkovich  indenler 
used  more  commonly  in  nanomdent.ation  testing. 

2.  The  tip  defect  confuses  the  interpretation  of  hardnesses  measured  by  nanoindentatior. 
methods,  since  there  is  a  change  in  the  mode  of  dcfonnation  from  purely  elastic  at  low  loads  to 
elastic/plastic  at  high  loads.  This  phenomena  is  more  important  in  hard  materials  such  as  ceramics 
and  glasses  than  it  is  in  soli  metals. 
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observations,  it  appears  that  nanoindentation  measurement  of  elastic  modulus  using  sharp 
indenters  other  than  the  Berkovich  is  indeed  possible.  It  should  be  noted,  however,  that  accurate 
measurements  can  be  achieved  only  when  the  deviations  from  the  ideal  indentcr  gcomcirs'  are 
taken  into  account.  Had  the  ideal  area  function  been  used,  different  results  would  have  been 
obtained. 

The  hardness  data  shown  in  the  right  hand  column  of  Figure  3  show  some  peculiar  and 
interesting  behaviors.  For  example,  the  aluminum  data  at  the  top  of  the  column  shows  a 
significant  indentation  size  effect  (ISE)  for  the  Berkovich  and  Vickers  indenters,  but  not  for  the 
conical  indenter.  Based  on  SEM  measurement  of  the  actual  contact  areas  (Fig.l).  it  is  clear  that 
the  indentation  size  effect  is  real  and  not  just  an  artifact  of  the  data  analysis  procedures  (at  least 
for  contact  depths  greater  than  500  nm).  Collectively,  these  data  suggest  that  the  ISE  in 
aluminum  may  be  caused  by  localized  plastic  deformation  at  the  edges  of  the  indenter.  A  model 
based  on  this  concept  has  been  developed  by  Ma  and  Clarke  (13).  The  gold  hardness  data  exhibit 
behavior  similar  to  tha  of  the  aluminum,  with  the  exception  that  the  hardnesses  measured  with 
the  conical  indenter  are  not  quite  as  flat . 

The  hardness  behavior  of  the  .used  quanz  specimen  is  quite  different.  For  this  material, 
the  Berkovich  and  Vickers  indenters  give  very'  similar,  depth-independent  hardnesses,  but  there 
is  a  larae  increase  in  hardness  with  increasing  depth  for  the  data  obtained  with  the  conical 
indenter.  Thus,  it  appears  that  there  is  a  completely  different  indentation  size  effect  in  this 
material,  one  which  runs  contrary  to  most  ISE  observations  reported  in  the  literature  (the  usual 
observation  is  increasing  hardness  with  decreasing  depth),  and  one  which  is  unique  to  the  conical 
indenter.  However,  shortly  we  will  show  that  th  s  behavior  is  not  real,  but  results  from  a 
transition  from  purely  elastic  to  ek'-slic/plastic  deformation  caused  by  the  bluntncss  of  the  conical 
indenter. 

The  key  to  understanding  the  behavior  of  ihe  fused  quartz  data  was  unve.led  while  testing 
the  lOOn  sapphire.  Hardness  data  for  this  material  are  presented  in  Figure  4.  where  the 
individual  data  points,  rather  th.m  the  averages  plotted  in  previous  graphs,  are  sho’-  n.  A  curious 
feature  in  the  data  is  the  division  of  the  Vickers  hoidnesses  at  depths  less  than  100  nm  into  2 
distinct  groups,  one  considerably  higher  than  the  other.  Exarrunation  of  the  individual  load- 
displacement  curves  revealed  that  the  higher  data  points  correspena  to  purely  elastic  indentation 
contact,  as  evidenced  by  loading  and  unloading  curves  which  perfectly  retrace  themselves.  For 
each  of  the  lower  data  points,  on  the  other  ’  :nd,  there  was  a  plastic  pop-in  event  similar  to  that 
reponed  by  Page  et  al.  (14).  Subsequent  in  resiigation  of  the  data  for  the  conical  indenter  revealed 
the  same  behavior,  with  the  traiisition  fnm  purely  elastic  to  elasiic/plastic  deformation  occurring 
at  slightly  larger  contact  depths.  Purely  elastic  indentation  contact  is  promoted  by  tip  blunting. 
The  transition  is  not  observed  in  the  Berkovich  data,  presumably  because  the  Berkovich  is 
considerably  sharper  than  the  other  two  indenters. 

■^he  ob.^er^ation  of  purely  clastic  contact  at  small  indentation  depths  for  ihc  Vickers  and 
I'onicai  indenicrs  has  imp'''^  uii  consequences  for  the  interpretation  of  hardnesses  measured  in 
nanoindentation  experiments.  Specifically,  (he  hardness,  H=P/A.  obtained  by  applying  the 
Oliver/Pharr  analvsis  pioccdurc  to  nanoindentation  load-displacement  data  is  not  the  traditional 
hardiiLSs  based  on  the  residual  area  of  the  hardness  impression,  but  a  different  hardness  ba,sed  on 
the  area  of  contact  at  peak  load.  In  soft  maienaJs,  these  two  hardnesses  arc  e.ssentially  the  same, 
but  for  hard  materials  they  can  be  different,  particularly  when  deformation  during  indentation  ts 
mo.silv  elastic  and  recoverable.  To  amplify  on  this  point,  note  that  in  the  limit  of  purely  clastic 
contact,  the  conventional  hardness  rises  without  bound,  while  that  derived  by  the  Olivcr/Pharr 
procedure  has  a  finite  value.  In  fact.  a.ssumiiic  that  the  blunting  of  indenters  can  be  charactcnzcd 
by  assigning  a  radius  of  curvature  to  the  tip,  one  can  compute  from  Hertzian  contact  theory  w  hat 
tfic  Olivcr/Pharr  hardness  should  be  for  purely  e!a.siic  contact.  .A  simple  analysis  yields: 


H  = 
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(1  -  V' )  I  R  ) 
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where  R  i.s  the  effective  radius  of  curvature  of  the  tip. 

To  show  that  this  phenomenon  is  indeed  the  source  of  the  decrease  in  hardness  at  low  loads 
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